RNA interference (RNAi) is well known as a mechanism for controlling mammalian mRNA translation in the cytoplasm, but what would be the consequences if it also functions in cell nuclei? Although RNAi has also been found in nuclei of plants, yeast, and other organisms, there has been relatively little progress towards understanding the potential involvement of mammalian RNAi factors in nuclear processes including transcription and splicing. This review summarizes evidence for mammalian RNAi factors in cell nuclei and mechanisms that might contribute to the control of gene expression. When RNAi factors bind small RNAs, they form ribonucleoprotein complexes that can be selective for target sequences within different classes of nuclear RNA substrates. The versatility of nuclear RNAi may supply a previously underappreciated layer of regulation to transcription, splicing, and other nuclear processes.
INTRODUCTION
The nucleus is a hub of RNA synthesis, processing and regulation (1) (2) (3) . Transcription and splicing occur in cell nuclei and understanding mammalian gene expression requires detailed knowledge regarding how these processes are regulated. Because both transcription and splicing involve RNA, any mechanism that drives the recognition of RNA target sequences might affect their outcome.
RNA interference (RNAi) provides a mechanism for selective recognition of RNA sequences. Unlike protein transcription factors that are characterized by relatively limited selectivity for target sites and relative difficulty evolving new selectivities, recognition of RNA by small RNAs would exploit the high specificity of Watson-Crick base-pairing and the potential for developing new selectivities by nucleotide mutation. The potential evolutionary advantages of RNA recognition in cell nuclei appear compelling, but how might it be achieved?
RNAi is well known as a regulatory mechanism for controlling gene expression in cell cytoplasm. If the protein machinery and small RNAs responsible for cytoplasmic RNAi were also found in mammalian cell nuclei, it is possible to imagine these factors promoting recognition of nascent transcripts, splice junctions, and other regulatory control points. Such recognition would constitute a previously unappreciated level of regulatory control over gene expression.
Our goal is to describe the current state of research into mammalian nuclear RNAi. We begin by briefly addressing nuclear RNAi in non-mammalian organisms and by addressing the origins of controversy and skepticism towards the existence of RNAi in mammalian somatic cells. We describe reports of nuclear RNA affecting gene repression, gene activation, miRNA function, and gene splicing.
CYTOPLASMIC RNAi
RNAi is a powerful mechanism for using small RNAs to control protein translation in the cytoplasm of mammalian cells (4, 5) . Naturally occurring microRNAs recognize sequences within 3 -untranslated regions to control translation (6) (Figure 1 ). Synthetic duplex RNAs that are fully complementary to targets within mRNA are widely used to reduce gene expression in the laboratory (7) .
The small RNAs are typically duplex RNAs that include a guide strand complementary to the cellular RNA target sequence. During RNAi the guide strand RNA is loaded into an RNA-induced silencing complex (RISC) consisting of protein factors including Argonaute 2 (AGO2) (8) (9) (10) and TRNC6A (11, 12) . The guide strand can be supplied by a synthetic RNA duplex (7) , as a chemically stabilized single-strand (13) , or can be naturally expressed within a cell as microRNA (miRNA) (14) (15) (16) .
There are four AGO proteins in mammalian cells (AGO1-4) (17) . AGO2 is the central RNAi factor involved in post-transcriptional RNA silencing and is the only AGO variant capable of catalytic cleavage of RNA substrates (8) (9) (10) . Roles for AGO1, AGO3 and AGO4 are not as well defined but they can bind to RNA, and AGO1 and AGO3 can participate in gene silencing by RNAs targeted to 3 -untranslated regions in the absence of AGO2 (18) . TNRC6 family members are the mammalian homologs of the Drosophila protein GW182 (19, 20) . TNRC6 family members associate with AGO (21) and with cytoplasmic Pbodies (19) .
The guide strand RNA directs the complex to target sequences through Watson-Crick base-pairing (22) . Recognition by Watson-Crick pairing is predictable, and diverse guide strands can participate in ribonucleoprotein complex formation. These features make RISC programmable--depending on the sequence of the guide strand RNA, different cellular RNA sequences can be targeted.
The protein domains of RISC serve multiple functions. Single-stranded RNA is subject to digestion by nucleases and its interaction with proteins helps ensure its survival. The guide RNA binds directly to AGO2 (23) (24) (25) . The orientation of binding displays the RNA seed sequence in an ideal position to nucleate binding to target RNA (26) . When the central portion of the guide RNA is fully complementary to its target, AGO2 can cleave the target RNA (10) . Binding by AGO2 masks the negative charge of the RNA backbone, facilitating recognition of complementary RNA and accelerating searching and identification of complementary sequences (24, 25) .
NUCLEAR RNAi IN NON-MAMMALIAN SYSTEMS
The potential for RNA to induce sequence-specific changes in the nucleus of non-mammalian organisms has been recognized for over two decades and has been extensively reviewed (27) (28) (29) (30) (31) .
Nuclear RNAi was first discovered in plants and shown to induce DNA methylation of sequences at gene promoters (32) (Figure 2A ). In this study, viroid RNA replication was necessary for methylation of integrated viral DNA sequences. Expressed small hairpin RNAs that were targeted against plant promoters also induced DNA methylation (32, 33) . Small RNAs are loaded onto AGO4 (34) and AGO6 (35) and both AGO variants appear to be important for silencing (36, 37) . The mechanism of recognition for small RNAs involves recognition of noncoding transcripts at gene promoters (38) (39) (40) . Binding of the small RNA-AGO4 or -AGO6 complex to the nascent RNA then triggers cytosine methylation, possibly through the action of SWI/SNF-mediated chromatin remodeling and DNA methylase-triggered base modification (41) .
In the yeast S. pombe, RNAi factors modulate gene expression by inducing histone modifications (28, 42, 43) (Figure 2B ). These factors, collectively known as the RNAInduced Transcriptional Silencing (RITS) complex, consist of AGO1, Chp1, and Tas3 (44) . Pol II transcribes RNAs along centromeric repeats that are processed into duplex RNAs by Dicer, or form pri-RNAs that work through a Dicer-independent mechanism (45-47). The small RNAs are loaded onto AGO1 by the AGO siRNA chaperone (ARC) complex in the cytoplasm. Loaded AGO1 then binds to the other members of the RITS complex (27) . AGO1 binds to nascent transcripts along centromeric repeats where it tethers the RITS complex along with the Clr4-Rik1-Cul4 (CLRC) complex (48) (49) (50) . The CLRC is responsible for H3K9 methylation and subsequent transcriptional silencing. H3K9 methylation is recognized by the RNA-directed RNA polymerase complex (RDRC), which nucleates additional siRNA formation and promotes further methylation. A recent study suggests that the Paf1 complex can prevent the recognition of the nascent transcript by duplex RNAs and that synthetic RNAs are much more effective silencing agents in Paf1C mutant S. pombe (51) .
C. elegans also employs RNAi factors to direct H3K9 methylation (27, 52) (Figure 2C ). In C. elegans, doublestranded RNAs are processed by Dicer-1 into siRNAs (53) (54) (55) . These RNAs are loaded onto an AGO protein, RDE-1, that functions with RNA-dependent RNA polymerases (RdRPs) to amplify the number of small RNAs (56) . These RNAs are known as 22G-RNAs. 22G-RNAs are then loaded onto the AGO protein NRDE-3. Loading takes place in the cytoplasm and the NRDE-3/small RNA complex subsequently enters the nucleus (57) and binds to nascent transcripts (58) . NRDE-2 binds to NRDE-3 at these sites, promotes H3K9 methylation and silences transcription (58-61). Pol IV transcribes long RNA that RDR2 uses as a template to form double-stranded RNA. DCL3 processes this transcript to create double-stranded small RNAs that are loaded onto AGO4 or 6. The small RNA targets AGO4/6 to nascent RNA transcribed by Pol V. The methylation factors IDN2, SPT5L, and DRM2 then localize to the site, causing methylation and silencing. (B) Histone methylation in yeast. Pol II transcribes long RNAs that are bound by the RITS complex and RDRC that uses the RNA as a template to form double-stranded RNA. DCR-1 processes this to create double-stranded small RNAs. The small RNAs are loaded onto AGO1 in the RITS complex by the ARC complex. This targets to nascent transcripts along the chromatin. The histone methylation complex CLRC then localizes to the site, causing methylation and silencing. (C) Histone methylation in worms. Double-stranded RNA is processed by DCR-1 to form double-stranded small RNAs. These are loaded onto RDE-1, which causes amplification of the small RNA through RdRPs. The small RNAs are then loaded onto NRDE-3, which targets nascent transcripts along the chromatin. NRDE-2 and HMTases then localize to the site, causing methylation and silencing.
MAMMALIAN NUCLEAR RNAi
In spite of the importance of cytoplasmic RNAi in mammalian cells and the role of nuclear RNAi in model organisms, the study of mammalian nuclear RNAi has received little attention. There are several reasons why the study of mammalian nuclear RNAi has lagged behind.
One reason has been confusion over whether RNAi factors were present or active in mammalian somatic cell nuclei. Early work reported that duplex RNAs could not silence expression of introns (62, 63) . In addition, anecdotal evidence from many laboratories suggested the general silencing of nuclear RNA targets is often difficult to achieve. Microscopy showed localization of AGO2 to cytoplasmic P-bodies and the endoplasmic reticulum, supporting a cytoplasmic role (64) (65) (66) and diverting attention further away from any potential nuclear function. A more practical reason is that it can be difficult to purify protein or RNA from cell nuclei in a manner that convincingly eliminates significant amounts of cytoplasmic contaminants.
Interest in mammalian nuclear RNAi was stimulated in 2004 when two reports appeared suggesting that duplex RNAs complementary to gene promoters could repress gene expression in mammalian cells (67, 68) . These reports implicated DNA methylation and histone modification as causes for silencing. Both reports, however, were subject to criticism in a subsequent paper (69) and one was retracted (70) .
Taken together, the mix of negative results, questions about published data, and the focus on cytoplasmic RNAi led to skepticism about whether RNAi factors were present or active within mammalian somatic cell nuclei and whether RNAi could influence nuclear gene expression. It is likely that this skepticism, in combination with the added complexity of working with factors in cell nuclei, slowed entry of researchers into the field and reduced progress.
EVIDENCE OF RNAI FACTORS IN CELL NUCLEI
Several reports have appeared suggesting that RNAi factors are present in mammalian cell nuclei and can acNucleic Acids Research, 2016, Vol. 44, No. 2 527 tively process RNA. Two laboratories reported that small RNAs could silence nuclear localized 7SK RNA (71, 72) . Both Myc-tagged AGO2 (71) and EGFP-tagged AGO2 (72) could be identified in purified cell nuclei. An antibody that recognizes endogenous AGO2 also identified AGO2 in cell nuclei (73) .
Fluorescence correlation and fluorescence cross correlation microscopy suggested that AGO2 is loaded in the cytoplasm and subsequently imported into the nucleus (72) . Knockdown of Importin 8 reduced the pool of nuclear AGO2 (74, 75) , suggesting a role in import. The AGO binding partner TNRC6A actively shuttles between the cytoplasm and the nucleus, implying that AGO2 is also imported into nuclei (76) . This possibility was supported by the finding that TNRC6A can interact with AGO2 to facilitate the delivery of miRNAs to cell nuclei (77) . Most recently, Meister and colleagues have reported that TNRC6 nuclear import is enabled by Importin-␤ (78). Consistent with a close interaction between AGO2 and TNRC6 (79), nuclear localization of AGO2 and TNRC6 is mutually dependent (77) . Dicer has also been observed in cell nuclei, shown to interact with RNA polymerase, and may regulate levels of double-stranded RNA (80) . Interestingly, a recent study using novel live cell imaging technology found fast distribution of synthetic siRNA into nuclei after transfection with cationic lipid in a subset of cells (81) .
Biochemical studies of cell nuclei run the risk of contamination from cytoplasm, raising the bar for persuasive investigation. For example, AGO2 is partially localized to the endoplasmic reticulum (ER) (64) . Since the ER is contiguous with the nuclear membrane and can co-purify with nuclei, it was possible that detection of AGO2 might have been due to ER contamination. Another concern is that RNAs that are assumed to be primarily nuclear can be detected in the cytoplasm (82) . Standard cytoplasmic RNAi might cause cleavage of these "nuclear" transcripts and the subsequent transit of fragments into the nucleus might result in confounding conclusions.
Multiple independent methods have recently been used to examine localization of endogenous AGO2 and other RNAi factors by microscopy, cell fractionation, size exclusion chromatography, and activity assays (82) . Wide-field immunofluorescence microscopy revealed AGO2 in both cell cytoplasm and nuclei. Using a stringent protocol for purifying nuclei that removed detectable ER contamination (83) , western blot analysis of nuclear proteins revealed AGO2, Dicer, TRBP and TNRC6A in cell nuclei. A subsequent study showed that reduced expression of AGO2 affected the nuclear localization of other RNAi factors and that residual AGO2 was disproportionately retained in cell nuclei (84) . Recently, a peptide derived from GW182 has been shown to be a powerful tag for isolating RNAi factors and it may be a useful tool for further probing cellular interactions (85) .
AGO2-mediated slicer activity in cell nuclei has been observed when RNA duplexes are transfected into cells prior to the activity assays (79) . Also consistent with nuclear slicer activity, duplex RNAs can knock down the nuclear localized RNA MALAT1 and eliminate MALAT1 foci. 5 Rapid amplification of cDNA ends (5 -RACE) fragments that were diagnostic of MALAT-1 cleavage at a predicted RNAi target site were found associated with the chromatin fraction. When an RNA substrate and a complementary duplex RNA were added directly to nuclear extract, however, cleavage of the RNA substrate was not observed. This result was explained by the absence of RNA loading factors in cell nuclei leading to the conclusion that loading takes place in the cytoplasm prior to import into cell nuclei (Figure 3 ). This result had been previously suggested (72) and is consistent with observations of loading in C. elegans (57) .
Concurrent with this review, Behlke and Lennox compared silencing of long noncoding RNAs in the nucleus and cytoplasm by duplex RNAs and RNase H-active antisense oligonucleotides (86) . This study surveyed effects of dozens of nucleic acid silencing agents on multiple long noncoding RNA targets. They concluded that duplex RNAs could silence RNA targets in cell nuclei. However, compared to silencing triggered by antisense oligonucleotides in the nucleus or RNA-mediated silencing in the cytoplasm, RNAmediated silencing in cell nuclei was less efficient. More work will be required to determine the mechanism of less efficient RNA-mediated silencing of nuclear targets.
RNAi factors in eukaryotic cell nuclei have also been implicated in DNA damage repair (87) (88) (89) (90) . At the site of DNA double-strand breaks, small RNAs known as double-strand break induced RNAs (diRNAs) are generated. These RNAs have been shown to be DICER dependent (89, 90) . The diRNAs target AGO2 to the site of damage along with RAD51, which typically triggers homologous recombination-mediated DNA damage repair (87) .
RNA-MEDIATED CONTROL OF TRANSCRIPTION

RNA-mediated transcriptional silencing
As noted above, in 2004 two reports appeared suggesting that duplex RNAs that were complementary to mammalian gene promoters could cause DNA methylation and silence gene expression (67, 68) . While one paper was subsequently retracted (70) the other was not. These results focused attention on the potential for duplex RNA to act in cell nuclei.
The duplexes used in these studies were standard siRNAs, implying that RNAi factors might be involved. In 2005, Rossi and colleagues reported that small RNAs targeting the RASSF1A gene promoter could induce low levels of DNA methylation and gene silencing (91) .
Our laboratory had been studying the ability of peptide nucleic acid oligomers (PNAs) complementary to the progesterone receptor (PR) promoter to inhibit expression of chromosomally encoded PR expression (92) . Because of our experience using the PR gene as a model system we evaluated the effect of transfecting duplex RNAs complementary to sequences at the most upstream transcription start site.
Our initial experiments with duplex RNAs complementary to sequences at the PR promoter revealed silencing of PR RNA and protein expression (93) . We did not observe changes in DNA methylation at the PR promoter. Kang and co-workers confirmed RNA-mediated gene silencing of PR and also androgen receptor (94) . The recent publication of a more straightforward assay for quantifying nascent transcript synthesis may supply a better tool than nuclear runon assays for monitoring RNA-mediated control of transcription (95) .
Other laboratories have also observed transcriptional silencing by small RNAs that are complementary to gene promoters. Similar to the targeting strategy for PR, Catapano and colleagues designed RNAs to be complementary to sequences at the transcription start site for Myc (96) . They observed decreased expression of RNA and protein. Formation of the pre-initiation complex for transcription was reduced including decreased recruitment of RNA polymerase II and TFIIB. Other studies, like the original discovery by Morris and co-workers, identified silencing RNAs with complementarity to sequences further upstream from the +1 transcription start site (69, (97) (98) (99) (100) . Promoter-targeted RNAs have also been applied to silencing expression of HIV transcription (101, 102) . Recently, Tapscott and colleagues have reported silencing of D4Z4 macrosatellite repeats by duplex RNAs targeting the promoter region, providing a potential starting point for treating facioscapulohumeral muscular dystrophy (FSHD) (103) .
RNA-mediated gene activation has the potential to add a new dimension to the development of nucleic acid therapeutics because typical duplex RNAs or antisense oligonucleotides are restricted to gene silencing. While their mechanisms of action require further investigation, duplex RNAs have been employed in murine studies to control myocardial infarction size (104) and inhibit liver carcinogenesis (105).
RNA-mediated transcriptional activation
Some protein transcription factors are known to be associated with gene inhibition in one context and gene activation in another (106) (107) (108) (109) (110) (111) (112) (113) (114) . Li and colleagues recognized the potential parallel between protein and RNA-mediated control of transcription and tested the ability of promotertargeted RNAs to activate gene expression (115, 116) . This study tested the ability of small RNAs to activate three different genes, E-cadherin, p21 and VEGF (115) . Small RNAs were targeted to the promoters of each of these genes and upregulation was observed in multiple cell lines at both the RNA and protein levels.
The Li laboratory went on to identify small RNAs that activated other genes including p21, p53, PAR4, WT1, KLF4, OCT4 and NKX3 gene transcription and also observed that RNA-mediated gene activation was conserved across mammalian species (117-121). Morris et al. also demonstrated RNA-mediated activation of p21 expression with a requirement for AGO1 expression (98) .
As noted above, we had previously observed transcriptional silencing of progesterone receptor (PR) expression in human mammary ductal carcinoma T47D cells, a cell line with high basal expression of PR. To further test the hypothesis that RNA might activate expression in one context while inhibiting in another we evaluated promoter-targeted RNAs in MCF7 cells that have a low basal level of PR expression. We identified several duplex RNAs capable of activating gene transcription (122) . Activation of PR was also achieved by RNAs that have been chemically modified to reduce off-target effects and improve in vivo properties (123) . We subsequently observed RNA-mediated activation of cyclooxygenase 2 (COX-2) (124) and LDL receptor (125) .
Whenever nucleic acids are introduced into cells, there will be a potential for off-target effects (126). Activating or inhibitory promoter-targeted RNAs are also subject to the possibility that observed phenotypes are due to interactions other than those at the intended gene target and examples of these have been reported (127, 128) . It is important that experimental characterization of target interactions be thorough and that appropriate controls be performed (124) to build a case for on-target effects. As in any field, papers reporting transcriptional silencing and activation vary in the quality and amount of supporting data. Hallmarks of more convincing papers include: (i) use of multiple control oligonucleotides, (ii) application of multiple complementary technologies to bolster central conclusions, and iii) the appearance of follow-up publications that provide more insight into mechanism.
The advent of CRISPR/CAS9-mediated technology has facilitated sequence-specific modification of genomes and has the potential to provide further rigor for analyses. For example, mutation of a seed sequence would be expected to block transcriptional activation or silencing. While CRISPR/CAS9 is an inviting technology, the use of mismatched RNA duplexes remains a quicker and less expensive alternative. In addition, some cell lines where effects have been observed contain multiple chromosomes, making them poor targets for efficient CRISPR-mediated mutation. For targets near transcription start sites, mutations might affect basal expression and obscure interpretation. Regardless of the potential obstacles, well-designed use of CRISPR-CAS9 to validate RNA-mediated transcriptional control would be an important step forward.
RNAi factors are involved in transcriptional silencing and activation
The RNAs used to achieve transcriptional silencing or activation are duplex RNAs that are identical in structure to those used for standard post-transcriptional RNA interference (7) . Because the RNA triggers for transcriptional silencing, transcriptional activation, and post-transcriptional silencing are similar, it is reasonable to hypothesize that Several laboratories have observed that silencing expression of AGO2 reversed transcriptional silencing and transcriptional activation (54, 103, 122, 125, (129) (130) (131) . AGO1 has also been observed to be critical for transcriptional silencing (98, 132, 133) . Interestingly, AGO1 has been reported to directly interact with RNA polymerase II, suggesting a direct physical link between RNAi factors and the core transcription complex (134). Kang and co-workers also observed that expression of SETDB1, a H3-lysine 9 (H3K9) methyltransferase, was necessary for RNA-mediated silencing of androgen receptor expression (94) .
Like AGO, TNRC6A has often been assumed to be localized to cell cytoplasm although it possesses a nuclear localization signal and can be visualized in cell nuclei by microscopy (77) . TNRC6A has two paralogs in human cells, TNRC6B and TNRC6C. Silencing all three paralogs reversed transcriptional activation of COX-2 (124). This finding suggests that TNRC6 proteins are also important factors for RNA-mediated modulation of transcription.
Nascent RNA transcripts and chromosomal DNA are potential targets for modulatory RNAs
Unlike the duplex RNAs involved in post-transcriptional silencing, the RNAs involved in modulating transcription are not complementary to mRNA. How can duplex RNAs and RNAi factors affect gene expression if they cannot recognize mRNA?
One possibility would be that the duplex RNAs bind directly to chromosomal DNA. This binding could be through triple helix formation (135) or Watson-Crick base pairing (136) . Zhang and colleagues have reported that cellular microRNAs can associate with RNA polymerase II and TATA-binding protein (TBP) and bind to TATA box motifs at gene promoters (137) . The attraction of this hypothesis is its simplicity--RNA that binds directly to DNA would have an obvious potential to affect binding of transcriptional regulators and chromatin formation.
For RNA-DNA recognition to occur, RNAi factors that are well known to promote binding of RNA to singlestranded RNA would be required to also promote binding to DNA sequences within double-stranded chromosomes that might also be associated with histones. Over the past decades RNA has been repeatedly proven to possess surprising properties that run counter to dogma, but given the chemical and structural differences between single-stranded RNA and duplex DNA, compelling experimental evidence will be needed for RNAi-promoted recognition of chromosomal DNA.
An alternative explanation for gene-specific recognition is that the RNA:RNAi factor complex uses Watson-Crick base-pairing to recognize nascent transcripts that exist in proximity to gene promoters. Large-scale studies of cellular transcription have revealed that much of the genome is transcribed and that transcripts that overlap the 3 or 5 termini of genes are common (138) (139) (140) (141) . These overlapping transcripts provide potential RNA targets for recognition that go beyond mRNA and may be part of a wider web of regulatory RNAs that play previously unsuspected roles in epigenetic regulation of gene expression (142) .
Several overlapping promoter transcripts have been implicated in RNA-mediated activation or silencing. The PR (143), COX-2 (124) and LDLR (125) promoters all express RNAs that overlap their +1 transcription start sites and are complementary to duplex RNAs that modulate transcription. Catapano and colleagues identified a transcript overlapping the Myc promoter that was also implicated in targeting RNA-mediated transcriptional silencing (96) . Promoter-associated RNAs have also been implicated in the ability of small RNAs to modulate expression of ubiquitin C (98), androgen receptor (94) and a transduced model gene expression green fluorescent protein (131) .
Several lines of evidence support involvement of promoter RNAs in transcriptional regulation (121, 144) . Upon addition of duplex RNA complementary to gene promoters, RNA immunoprecipitation using anti-AGO2 antibody revealed that AGO2 is recruited to promoter transcripts. Antisense oligonucleotides are powerful tools for modulating the action of promoter RNAs and other noncoding RNA species (145) and addition of an antisense oligonucleotide designed to induce RNase H-mediated cleavage of the promoter transcript causes reversal of RNA-mediated gene activation. Taken together, these data suggest that addition of a duplex promoter-targeted RNA to cells triggers formation of a ribonucleoprotein complex between the promoter transcript, small RNA, AGO2, TNRC6 and possibly other factors.
Upon binding, AGO2 has the potential to cleave target transcripts and it is possible that cleavage of a nascent transcript might directly trigger transcriptional change. To test this hypothesis we compared a fully complementary duplex RNA targeting the COX-2 promoter with a duplex RNA with central mismatches relative to the target site. Central mismatches disrupt the ability of AGO2 to cleave substrate without affecting its ability to bind target sequences (146) . Gene activation by the mismatch-containing duplex RNA was as effective as activation by the fully complementary RNA (124) . This finding suggests that binding to nascent transcripts is a potential trigger for activation, at least at the COX-2 locus, and not cleavage of the transcript.
RNA and RNAi factors have an enormous potential for regulation. It is important to consider the possibility that RNAi-mediated cleavage of nascent transcripts might trigger modulation of gene expression. However, to date, there is no strong evidence for this mechanism.
Modulation occurs in cis relative to the target gene locus
Nascent RNA transcripts may act at the site where they are transcribed (in cis) or they may act at a distant site (in trans). Whether an RNA acts in cis or trans relative to its target gene is one determinant of its mechanism of action and careful characterization is necessary to achieve persuasive results (147) . For example, the quantity of an RNA transcript in an individual cell is rarely measured but can have critical implications for an underlying mechanism of action. The sensitivity of PCR techniques allows for identification of RNA transcripts spanning a wide range of expression levels. This data can be interpreted in a number of ways. An RNA that is expressed at only one copy per hundred cells might be the product of background transcription. An RNA present at just a few copies per cells would be relatively more likely to function in cis rather than in trans ( Figure 4A ), whereas a highly expressed transcript present in hundreds to thousands of copies per cell would be more likely to function in trans ( Figure 4B ). For the COX-2 locus, the levels of promoter RNA involved in transcriptional modulation were measured on a per cell basis. This RNA transcript was detected at one or two copies per cell (148) . This low number suggests that the RNA is involved in cis relative to the target gene rather than in trans.
Rossi, Burnett et al. have noted a similar role for nascent transcripts in the mechanism of action for RNAmediated activation (131, 137) . They observed that RNAmediated activation of a reporter gene under control of a cytomegalovirus promoter was dependent on AGO2 and that nascent transcripts at the promoter were the direct targets. Cleavage of the nascent transcript was not necessary, leading to the conclusion that the transcript was a scaffold and that activation occurred in cis relative to the target gene. Similarly, Giles and coworkers have shown that AGO2 binds to nascent tRNA and can also block gene transcription in cis (149) .
Interestingly, an in cis mechanism for mammalian RNAmediated modulation of transcription is quite similar to that originally proposed by Grewal and Moazed for RNAmediated control of transcription in S. pombe (150) . The commonality of mechanisms suggests an evolutionarily conserved pathway for RNA-mediated control of transcription. 
LESSONS FROM PROTEIN TRANSCRIPTION FAC-TORS
Mechanisms of transcriptional inhibition
The studies describing RNA-mediated modulation of gene expression have begun to define a mechanism of action. Promoter-targeted RNAs are loaded onto AGO2 protein in the cytoplasm and the RNA:AGO2 complex subsequently enters the nucleus. Once in the nucleus, the guide RNA hybridizes by Watson-Crick base-paring to a complementary sequence within a nascent transcript at the gene promoter. RNA immunoprecipitation indicates that AGO2 and TNRC6 proteins are also associated with the nascent transcript.
The guide strand RNA:AGO2:TNRC6 complex near the promoter region could potentially affect the binding of transcription factors, alter covalent modifications of nucleosomal histones and/or DNA bases, change nucleosome positioning, enhance or repress recruitment of RNA polymerase II, and increase or decrease transcription of mRNA (151) (152) (153) .
How can binding of an RNA:AGO2:TNRC6 complex at a promoter lead to altered transcription of mRNA? The mechanism for inhibiting gene expression may be relatively straightforward. Activation of gene expression requires that accessory proteins act in concert to recruit RNA polymerase II and trigger transcription. By changing the factor occupancy at an activated promoter, critical protein:protein interactions needed for gene activation are blocked (154) (155) (156) (157) (158) (159) . When an RNA:RNAi factor complex binds to a nascent transcript it can act as a repressor by blocking activating factors or displacing factors that are already present on the promoter ( Figure 5 ).
Mechanisms of transcriptional activation
For gene activation, the RNA:AGO2:TNRC6 complex may mimic the action of protein transcription factors. Promotertargeted RNAs modulate the expression of genes such as COX-2 (124), PR (143) , and LDL receptor (125) . These genes share a common feature -they have a low basal level of expression that can be activated to a higher level. The promoters for these genes are already occupied by components of the transcription machinery that are poised to respond to environmental signals that trigger changes in gene expression.
Transcription factors can activate gene expression through several mechanisms and similar mechanisms might also be adopted by RNAi factors. The binding of factors inhibiting transcription can be sterically blocked by prior or competing binding of proteins to a region overlapping or proximal to the repressor-binding site (106, (160) (161) (162) (Figure 6A) . Alternatively, the binding of transcription factors can cooperatively enhance the association of other factors to an adjacent region (163-165) ( Figure 6B ). Moreover, transcription factors can adopt altered conformations upon ligand binding, strengthening its association with a coactivator or weakening an association with a corepressor (166, 167) .
In the context of chromatin, transcription factors can change the translational and/or rotational phasing of nucleosomes relative to the transcription start site, thereby increasing the access of transcription factors to their chromatin target sequences (168) . Covalent modifications of nucleosomal histones and DNA surrounding the transcription start site can be regulated by binding of factors that affect the access or action of a chromatin-modifying enzyme to a chromatin-regulated promoter (165, 169) (Figure 6C ).
Binding of RNA:AGO2:TNRC6 complexes to nascent transcripts has the potential to activate gene expression by any of the mechanisms noted above (Figure 6 ). RNAi factor complexes are not canonical protein transcription factors, but it is important to note that transcriptional activation does not require highly evolved endogenous proteins. Activation domains can be peptides, small RNAs, or small molecules (170) . The wide range of domain types suggests that the orientation or composition of a domain at a promoter is not as essential as the basal expression level and its ability to respond to environmental stimuli. Similar mechanisms may be broadly applicable to enhancer RNAs and other mechanisms for RNA-mediated activation (171) .
miRNAs IN CELL NUCLEI
In the cytoplasm, miRNAs interact with RNAi factors to recognize sequences within the 3 -untranslated region of mRNA and control protein translation. miRNAs, however, have also been detected in the nuclei of mammalian cells after genome-wide sequencing studies or large-scale PCR (82, (172) (173) (174) . One miRNA, miRNA-29b, appears to be predominantly localized to the nucleus and contains a hexanucleotide that is responsible for nuclear import (175) . Recent data has suggested the possibility for miRNAs to play a role in splicing and other noncanonical functions in nuclei (176) . Small RNA binding sites are frequently observed at gene promoters and ChIP experiments have revealed AGO bound near promoter sites (177, 178) .
Modulating transcription with miRNAs
miRNA-induced transcriptional regulation has been reported in mammalian systems, supporting the potential for endogenous control. The first study found that miRNA-373 could upregulate E-cadherin and CSDC2, both of which contained complimentary sequences in their promoters (179) . Another study found that a miRNA encoded within the promoter of the gene POLR3D could act in cis to recruit AGO1 and other factors to silence POLR3D expression (180) . More recently, Huang et al. found that depletion of miRNA-774 caused a down-regulation of Ccnb1 (181) . Our laboratory identified miRNAs that inhibited the expression of PR (182) through a mechanism involving AGO2 and H3K9 methylation. At the COX-2 locus, we identified miRNA-589 as having two complementary sites at the COX-2 promoter and implicated it in the activation of COX-2 expression (124).
RNAi-MEDIATED MODULATION OF ALTERNATIVE SPLICING
Alternative splicing is a nuclear process that leads to the production of diverse protein isoforms or modulates the stability of proteins. These variants have different functions and the regulation of isoform production is necessary for cell function, growth, and development. Splicing is controlled by interactions between pre-mRNA and protein splicing factors. The combination of duplex RNAs and nuclear RNAi factors have the potential to disrupt these interactions and provide another layer of regulation.
Modulating splicing by affecting histone modification
Splicing can be coupled with transcription, and the kinetics of RNA polymerase elongation has the potential to affect recruitment of splicing factors (183). Kornblihtt et al. reported that duplex RNAs targeting intronic or exonic sequences near alternative exons can affect splicing of the exon (184) . RNAi-associated alternative splicing required expression of AGO1 and was associated with increase in histone marks Lys9 dimethylation and Lys27 trimethylation at histone H3. AGO1 was subsequently reported to be associated with transcriptional enhancers and noncoding enhancer RNAs that may also affect splicing (185) . Taken together, these results suggest that binding of small RNA/AGO complexes in proximity to promoters can affect the kinetics of transcriptional elongation, thereby shifting the outcome of alternative splicing among isoforms ( Figure  7A ). AGO1 and AGO2 have also been reported to couple chromatin silencing to alternative splicing, although the role of guide RNA in this process, if any, is unclear (186) . Data suggest that antisense transcripts, rather than just mRNA or pre-mRNA, may be major targets for splice-altering duplex RNAs that affect histone modification (187) . Most recently, chromatin immunoprecipitation coupled to high throughput DNA sequencing (ChIP-Seq) has been used to correlate protein binding with splicing and results suggest that AGO1 may participate with HP1␣, CTCF and other proteins in programming a chromatin code to supply a layer of control for alternative splicing (188) .
Modulating splicing by blocking sites near exon/intron junctions
Several diseases can be at least partially alleviated by modulating splicing to yield mRNAs that produce protein isoforms that are beneficial to patients. For example Duchenne muscular dystrophy (DMD) is caused by a truncation in dystrophin protein due to a premature stop codon (189) . Antisense oligonucleotides that target sequences near an intron/exon junction cause the exon to be skipped, correcting the reading frame and allowing expression of a longer and partially functional protein (190) . Oligomers that alter splicing for dystrophin and SMN2 protein (the molecular origin of spinal muscular atrophy) are currently being tested in separate clinical trials (191, 192) .
Antisense oligonucleotides act by binding pre-mRNA and blocking association of splicing factors (193) . Our laboratory tested the hypothesis that duplex RNAs in concert with nuclear RNAi factors would bind to exon-intron junctions and produce similar effects on splicing (130) ( Figure  7B ). We first analyzed the effect of duplex RNA on a classical model of splicing consisting of an engineered luciferase gene containing a ␤-globin intron (194) and observed altered splicing and increased expression of active luciferase (195) . We subsequently observed that duplex RNAs could also modulate splicing of dystrophin and SMN2. Singlestranded silencing RNAs (ss-siRNAs) are chemically modified single-stranded oligomers that can act through the RNAi pathway and silence gene expression in cells and animals (13, 196) . ss-siRNAs are also able to modulate splicing (197) . Modulation of splicing by both ss-siRNAs and duplex RNAs is dependent on expression of AGO2.
RNAi-regulated splicing of endogenous genes has not been reported to date, but RNA sequencing of AGO2-bound species in human cell nuclei has revealed many potential binding sites near exon/intron boundaries (176) , suggesting that nuclear AGO may have a role in alternative splicing. Drosophila AGO2 has also been identified as being enriched near splice sites for genes where splicing is changed by knockdown of AGO2 (198) . As with mammalian AGO2, the full implications for regulation of splicing remain unclear.
CONCLUSIONS
The mammalian nucleus contains many different species of RNA, each of which must be regulated and many of which have the potential to be regulators. Experimental data have built a strong case for the existence of RNAi factors in mammalian somatic cell nuclei, consistent with their presence in yeast, worms, and plants. These nuclear RNA factors can act in conjunction with small RNAs to regulate transcription and splicing. Data suggest that multiple mechanisms are involved and that these mechanisms share considerable similarity to mechanisms of protein transcription or splicing factors. The distinguishing feature relative to protein factors is that the small RNA provides a programmable specificity module that can be more readily adapted for recognition of many different RNA species.
This programmable specificity of nuclear RNA:RNAi factor complexes has the potential to confer a significant evolutionary advantage and may represent a new area for miRNA function. Experiments using model endogenous genes have demonstrated that miRNAs can regulate gene transcription, but the broad importance of miRNAs in cell nuclei is not yet clear. Gaining a better appreciation for the impact of nuclear RNAi on mammalian physiology and a more detailed mechanistic understanding will be primary goals for future research.
